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This article presents navigation, guidance and control (NGC) experimental results obtained on an innovative
overactuated unmanned surface marine vessel (USV) capable of omnidirectional motion. The results were
obtained during sea trials in real environmental conditions where external disturbances and sensor char-
acteristics have signiﬁcant inﬂuence on the vehicle behavior. While performing the NGC experiments, the
following set of behaviors is demonstrated: (1) successful heading control even in cases when the USV is
performing simultaneous omnidirectional motion; (2) dynamic positioning algorithm performance with the
navigation ﬁlter that uses only GPS measurement and a simple uncoupled dynamic model of an overactu-
ated USV; (3) two line following algorithms (one using full actuation capabilities, and the other emulating
underactuated line following) and comparing them by using quality metrics; and (4) online modiﬁcation of
mission parameters within the mission control architecture that is based on three layers (primitives, high-
level and low-level control). Finally, we use results from multiple days of experiments to show how GPS
update frequency inﬂuences (i) the quality of DP performance and (ii) the quality of the commanded control
signal.
© 2015 The Authors. Published by Elsevier Ltd on behalf of International Federation of Automatic Control.
This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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a1. Introduction
The research area of marine robotics is becoming more popular
as the need to understand the marine environment (underwater and
surface) increases both for scientiﬁc and economic reasons. There
is a substantial number of research groups all over the world who
contribute to marine robotics research by developing their own
underwater and surface autonomous marine platforms to be used
for testing envisioned scenarios and algorithms. Unmanned marine
surface vessels (USVs) are mostly being developed for science (e.g.
exploration and observation, environmental data gathering and
sampling, Caccia et al., 2007), bathymetric mapping (e.g. Manley,
1997), defense (e.g. mine-countermeasures Djapic and Nad (2010)), This work is supported by the European Commission under the FP7–ICT project
“CADDY – Cognitive Autonomous Diving Buddy” Grant Agreement No. 611373, and by
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(http://creativecommons.org/licenses/by-nc-nd/4.0/).nd general robotics research. A thorough list of unmanned surface
arine vehicles until 2008 is given in Manley (September 2008) and
accia, Bibuli, Bono, and Bruzzone (2008). In latter, the distinction
s also made between vehicles for civil and military applications. Re-
ardless of the fact that since then a large number of new unmanned
essels have been developed, they all have one thing in common: a
lassical hull shape (single hull or catamaran shaped vessels) that
xploits favourable hydrodynamic properties to obtain long range
peration with low energy consumption. Even though most of
SVs are underactuated, i.e. use main propeller(s) and rudder(s)
o perform basic manoeuvres such as heading and course keeping,
oint-to-point navigation etc., they can easily be equipped with
dditional bow thruster to achieve omnidirectional motion required
or e.g. dynamic positioning. Another option for dynamic positioning
s to use azimuth thrusters that enable vectored omnidirectional
ontrol (Sørensen, 2011). However, due to the shape of the hull, these
ehicles are very ineﬃcient in lateral motion.
On the other hand, marine vehicles that are designed for station
eeping, such as large scale ocean platforms, are usually overactuated
hich allows them to hold position while keeping desired orienta-
ion. Due to their large scale, and complex deployment logistics, such
latforms are not used for science purposes, but mostly for economi-
ally viable ocean exploitation.on of Automatic Control. This is an open access article under the CC BY-NC-ND license
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Fig. 1. (a) Prototype of the omnidirectional unmanned surface vessel PlaDyPos devel-
oped in LABUST (with a diver snorkeling for scale) and (b) “X” shaped actuator conﬁg-
uration that allows omnidirectional motion in the horizontal plane.
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b.1. PlaDyPos – an innovative unmanned omnidirectional surface
arine vessel
This article introduces a novel type of vessel, a small scale overac-
uated unmanned surface marine vehicle capable of omnidirectional
otion, developed at the Laboratory for Underwater Systems and
echnologies (LABUST) at the University of Zagreb, Croatia. The
essel, conveniently named PlaDyPos due to its initial purpose as a
latform for dynamic positioning, we often refer to as the “platform”,
ather than just a USV. It is equipped with four thrusters in “X” con-
guration as shown in Fig. 1(b). This conﬁguration enables motion
n the horizontal plane under any orientation. The current version
f the platform, shown in Fig. 1(a), is 0.35 m high, 0.707 m wide and
ong, and weighs approximately 25kg. Such vessel conﬁguration is
ery convenient for research purposes due to easy deployment pro-
edure, robustness in real environmental conditions, and low power
onsumption. Omnidirectional motion makes it very agile and thus
pplicable in tracking underwater agents capable of quick change of
irection such as human divers – in the scope of FP7 project “CADDY –
ognitive Autonomous Diving Buddy”1 it is used as a diver tracking
latform that enables diver navigation and monitoring from the
urface (Miskovic, Nad, & Rendulic, 2015). PlaDyPos is also used as
communication router between underwater and aerial vehicles in
he scope of the DG ECHO project “Autonomous underwater vehicles
eady for oil spill.”2 Further on, low power consumption allows a ﬂeet
f such vehicles to be used for long-term monitoring of underwater
nvironmentwithin the H2020 FET project “subCULTron – Submarine
ultures perform long-term robotic exploration of unconventional1 http://caddy-fp7.eu/
2 http://www.upct.es/urready4os/
Tnvironmental niches.”3 Omnidirectional motion allows PlaDyPos
recise navigation and fast convergence to desired position/path
hich is crucial in applications such as mapping (obtaining mosaics
nd bathymetry) of shallow-water areas (Vasilijevic et al., 2015), and
ine countermeasures (Miskovic et al., 2014), where the platform is
sed to remotely dispose of freely ﬂoating unexploded ordnance.
Research that involves the use of PlaDyPos USV has been divided
nto three phases: (1) simulations, (2) navigation, guidance and con-
rol (NGC) experiments, and (3) application scenarios. The simula-
ion phase involves a number of simulation experiments where el-
mentary navigation, guidance and control algorithms were tested
nder realistic simulation conditions. Additionally, application sce-
arios were included in these simulations where special attention
as devoted to ensuring realistic modeling of the sensors used in the
latform. The simulation phase results have been reported and ana-
yzed in Miskovic, Nad, Stilinovic, and Vukic (2013) where the proof
f concept for diver tracking algorithms has been demonstrated. The
GC experiments phase includes experimental veriﬁcation of algo-
ithms performed in real life conditions, where external disturbances
nd sensor characteristics have signiﬁcant inﬂuence on the vehicle
ehavior. The application scenarios phase includes experimental ver-
ﬁcation of the envisioned scenarios such as diver tracking, mosaic-
ng, bathymetry, etc. The experimental results for both the second
nd the third phase have been obtained in 2013 and 2014 during ﬁeld
rials in Croatian Navy base Split and Murter, Croatia.
.2. Contributions and organization of the article
This article reports the results and validates the quality of the nav-
gation, guidance and control experiments, which are the basis for
uccessful completion of different application scenarios. Firstly, we
ocus on experimental NGC results obtained on the omnidirectional
nmanned surface vessel demonstrating the quality of the following
et of behaviors:
1. Successful heading control even in caseswhen the platform is per-
forming simultaneous omnidirectional motion;
2. dynamic positioning algorithm performance with the navigation
ﬁlter that uses only GPS measurement and a simple uncoupled
dynamic model of an overactuated USV;
3. two line following algorithms: (a) using full actuation capabilities,
i.e. vectored control, and (b) emulating underactuated line follow-
ing characteristic for rudder-based vessels;
4. online modiﬁcation of mission parameters within the mission
control architecture that is based on three layers (primitives, high-
level and low-level control).
econdly, we compare the two implemented line following algo-
ithms by using quality metrics based on mean distance to the de-
ired line obtained on real life experiments.
Finally, we show how GPS update frequency inﬂuences (i) the
uality of DP performance and (ii) the quality of the commanded con-
rol signal.
The article is organized as follows. Section 2 presents the mathe-
atical model of the overactuated USV, and the models of observed
avigation, guidance and control behaviors such as dynamic posi-
ioning and line following. Section 3 describes the implemented con-
rol structure consisting of ﬁltering and estimation, low-level (speed)
ontrollers, high-level controllers (heading, dynamic positioning, line
ollowing), primitives and mission control. Section 4 presents exper-
mental results obtained in a real-life environment, together with
comparison of the two implemented line-following algorithms.
ection 5 focuses on the analysis of inﬂuence of GPS quality to the
ehavior of the navigation ﬁlter relative to the experimental results.
he article is concluded with Section 6.3 http://subcultron.eu/
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Fig. 2. (a) Underactuated and (b) fully actuated line following. While in (b) the USV
changes the attack angle (β = ψ − ) to converge to the line, in (a) the USV is capable
of vectored control, generating the speed perpendicular to the desired line.
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β2. Mathematical modeling
2.1. The USV model
2.1.1. Dynamic model
Following the notation given in Fossen (1994), the dynamic model
of the platform in the horizontal plane can be described using the
velocity vector ν = [u v r]T where u, v and r are surge, sway and yaw
speed, respectively; and the vector of actuating forces and moments
acting on the platform τ = [X Y N]T where X, Y are surge and sway
forces and N is yaw moment. Both vectors are deﬁned in the body-
ﬁxed (mobile) coordinate frame. The uncoupled dynamic model in
the horizontal plane is given with (1) where M is a diagonal matrix
with mass and added mass terms and D(ν) is a diagonal matrix con-
sisting of nonlinear hydrodynamic damping terms.
Mν˙ = −D(ν) + τ (1)
Since the platform is designed to be symmetrical with respect to
the x and y axes in the body ﬁxed frame, the following forms
of the two matrices are adopted: M = diag(αu, αu, αr), D(ν) =
diag(βu (u), βu (v), βr (r)).
2.1.2. Kinematic model
The kinematic translatory equations for the platform motion in
the horizontal plane on the sea surface is givenwith (2), where x and y
are the position andψ is the orientation of the platform in the Earth-
ﬁxed coordinate frame and R(ψ) is the rotation matrix.[
x˙
y˙
]
=
[
cosψ − sinψ
sinψ cosψ
]
︸ ︷︷ ︸
R(ψ)
[
u
v
]
(2)
Additional equation in the kinematic model is ψ˙ = r. The platform is
overactuated, i.e. it can move in any direction in the horizontal plane
bymodifying the surge and sway speed, while attaining arbitrary ori-
entation.
2.1.3. Actuator allocation
The actuator allocation matrix φ gives relation between the forces
exerted by thrusters τi = [τ1 τ2 τ3 τ4]T and the forces and moments
τ acting on the rigid body. Actuator conﬁguration of the autonomous
surface platform for diver tracking is given in Fig. 1(b) where δ = 45◦.
The allocation matrix is given with (3).
τ =
⎡
⎣cos 45
◦ cos 45◦ − cos 45◦ − cos 45◦
sin 45◦ − sin 45◦ sin 45◦ − sin 45◦
D −D −D D
⎤
⎦
︸ ︷︷ ︸

τi (3)
2.2. The dynamic positioning model
By deﬁning the difference between the desired position and the
current position in the horizontal plane with
e =
[
x∗ − x
y∗ − y
]
(4)
the kinematic positioning model can be obtained by differentiation
resulting in (5) under the assumption that the desired positions are
constant values.
e˙ = −R(ψ)
[
u
v
]
(5)d.3. Underactuated line following
Underactuated USVs (usually rudder actuated) can perform line
ollowing behavior by changing the attack angle towards the de-
ired line using the rudder. In Caccia et al. (2008) it was shown that
his nonlinear system converges to the desired line even under the
resence of external disturbances. This behavior, where heading is
hanged to approach the line, can sometimes also be useful in over-
ctuated vehicles, regardless of the superior performance capabili-
ies. For example, if PlaDyPos is used to tug an object between its legs
long a line, such as in Miskovic et al. (2014), it is much more conve-
ient to use the underactuated behavior to prevent losing the tugged
bject due to lateral motion.
The underactuated line following approach is shown in Fig. 2(a).
s described in Caccia et al. (2008), the aim is to steer the USV mov-
ng at surge speed u in such a way that its path converges to the de-
ired line. If  is orientation of the line that should be followed, a
ew parameter β = ψ −  (vehicle’s orientation relative to the line)
s deﬁned. The kinematic line following equation for underactuated
ehicles is then described with (6) and (7), where ξ is drift due to
rojection of external disturbances along the direction perpendicular
o the commanded line.
˙ = r (6)
˙
UA = u sinβ + ξ (7)
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Fig. 3. Multi-level control structure divided in mission control, primitives, high-level
and low-level controllers. While the mission control level communicates only with
the primitives, the primitives may call both high-level and low-level controllers with
different sets of parameters.
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(he nonlinear Eq. (7) can be linearized if angle β is assumed to be
mall, resulting in d˙UA = uβ + ξ .
.4. Fully actuated line following
In the case of fully actuated line following, the vehicle can con-
erge to the desired line while holding an arbitrary heading. Accord-
ng to the notation in Fig. 2(b), the kinematic model is given with (8)
hile ur and ud can be calculated using (9). The assumption in this
odel is that heading ψ is constant during the manoeuvre.
˙
FA = ud + ξ (8)
ur
ud
]
=
[
cos ( − ψ) sin ( − ψ)
sin ( − ψ) cos ( − ψ)
][
u
v
]
(9)
. Navigation, guidance and control (NGC) structure
This chapter describes parts of the implemented multi-level con-
rol structure shown in Fig. 3. After the implemented navigation ﬁlter
s described, the control structure description is provided in a top–
own approach.
.1. Navigation ﬁlter
The implemented navigation ﬁlter (extended Kalman ﬁlter) takes
vailable measurements as inputs and provides state estimates that
re required for low-level and high-level control as it can be seen
rom Fig. 4. PlaDyPos is equipped with a GPS unit (providing posi-
ion measurements), Doppler velocity logger (DVL, provides speed
easurements), compass, and inertial measurement unit. All these
easurements arrive at different update rates, while in some casesHIGH-LEVEL
CONTROL
*
LOW-LEVEL
CONTROL
ANTIWINDU
Ü
*
ig. 4. Closed-loop control scheme in a double loop structure (inner loop is low-level contr
tate estimates based on available measurements. The description of the implemented antiw
2013).easurements are not even available (e.g. a multibeam sonar is
ounted instead of DVL). Hence, the navigation ﬁlter has a task to
use available measurements, and by using the mathematical mod-
ls described in Section 2, provide state estimates at an update rate
equired by the control system. In order to keep focus of the article,
etails on Kalman ﬁltering and estimation are omitted. A detailed pa-
er on navigation ﬁltering for marine vehicles can be found in Fossen
nd Perez (2009). In the following part of this chapter, it is assumed
hat all control algorithms take as inputs state estimates at a sample
ate of 10 Hz.
.2. Low-level (speed) control
For the low-level speed controller we choose a PI controller
iven with (10) where ν∗ = [u∗ v∗ r∗]T are the desired linear and an-
ular speeds of the platform, KPν = diag(KPu, KPv, KPr) and KIν =
iag(KIu, KIv, KIr) are diagonal matrices with proportional and inte-
ral gains for individual degrees of freedom, respectively.
= KPν(ν∗ − ν˜) + KIν
∫
(ν∗ − ν˜)dt + τF (10)
he tilde sign marks the estimated values – the vehicle’s speeds are
ften estimated since they are either diﬃcult to measure or are un-
eliable. The τF term represents additional action introduced in the
ontroller to improve the closed loop behavior (Caccia et al., 2008).
his action can be in the form τF = D(ν)ν which results in the feed-
ack linearization procedure where measured or estimated speeds
re used to compensate for the nonlinearity in the process. It is more
sual and convenient to use feedforward term τF = D(ν∗)ν∗. Con-
roller parameters KPν and KIν can be calculated based on the de-
ired closed loop characteristic equation as it is shown in Caccia et al.
2008). These parameters will naturally depend on the parameters of
he dynamic model which have to be identiﬁed. The dynamic model
arameters of the platform that is addressed in this article have been
dentiﬁed using the identiﬁcation method based on self-oscillations
eported in Miskovic, Vukic, Bibuli, Bruzzone, and Caccia (2011).
.3. High-level control
For the sake of brevity, description of individual controller param-
ters are omitted. Each controller structure is designed in such a way
hat convergence of the closed loop is ensured.
eading control. The controller generates the desired yaw rate r∗ and
an be written in the form
∗ = KPψ(ψ∗ − ψ) + KIψ
∫
(ψ∗ − ψ)dt. (11)
ynamic positioning controller (DP). Since the platform is overactu-
ted, it can move in a horizontal plane while keeping a desired head-
ng. Here we assume that the dynamic positioning controller is inSCALING
P
i i
FILTERING
AND
ESTIMATION
ol and outer loop is high-level control) with ﬁltering and estimation block providing
indup mechanism is omitted and the interested reader is referred to Miskovic et al.
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Table 1
List of primitives used in the article.
Name Inputs Controllers
go2point_FA T1, T2, ψ∗ LF_FA; heading
DP_primitive” T1, ψ∗ DP; heading
go2point_UA T1, T2 LF_UA
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mcharge only of position keeping, while the heading controller de-
scribed in the previous section is in charge of heading control. Based
on the DP model given with (5), the high-level dynamic positioning
controller can be written in the form[
u∗
v∗
]
= RT(ψ)
(
KP,DPe + KI,DP
∫
edt
)
(12)
where e is given with (4).
Underactuated line following control. Based on the model given with
(6) and (7) the line following controller for underactuated vehicles
LF_UA (or fully actuated vehicles that are required to perform the
manoeuver speciﬁc to the underactuated vehicles) is given with
r∗ = −KP,dUAdUA − KD,dUA d˙UA. (13)
It should bementioned that controller parameters depend on the for-
ward speed u of the vehicle, what follows from (7).
Fully actuated line following control. Based on the model given with
(8) the line following controller for fully actuated vehicles LF_FA is
given with
u∗d = −KP,dFAdFA − KI,dFA
∫
dFAdt. (14)
The desired u∗ and v∗ can then be calculated using (9).
3.4. Primitives
Primitives are elementary parts that form a mission. They are
uniquely deﬁned by the structure of the low-level and/or high-level
controllers that they engage, and a set of inputs. As it is shown
in Fig. 3, primitives can engage both high-level and low-level con-
trollers. For example, primitive go2point_FA describes the fully
actuated line following behavior while the USV is keeping a de-
sired heading. This primitive engages the high-level heading con-
troller (heading), and the high-level fully actuated line following
controller (LF_FA). The ﬁrst implicitly engages low-level yaw rate
controller, while the second implicitly engages the surge and sway
speed low-level controllers.
Another example is the primitive DP_primitive that describes
the dynamic positioning behavior consisting of both position and
heading keeping. Hence it engages the high-level dynamic position-
ing controller (DP) in order to guide the platform closer to the object,
and the high-level heading controller with full actuation (heading).
The ﬁrst implicitly engages the surge and sway low-level controllers,
while the second implicitly engages the low-level yaw rate controller.
A list of some primitives that are used in experiments presented
in this article is shown in Table 1.
3.5. Mission control
Wedeﬁne amission as a set of primitives that have to be executed.
The primitives that comprise a mission can be observed as states in
a state machine. Within a mission, the same primitive can be called
with different parameters. For example, in a lawnmower mission, the
mission controller will sequentially call go2point_FA primitives
with different points T and T marking the lines of a lawnmower,1 2nd an arbitrary commanded heading ψ∗. Finally, the mission con-
roller may call DP_primitive to ensure USV position keeping at
he end of the mission. It is up to the mission controller to ensure
hat conﬂict in the form of two primitives commanding two con-
radictory commands is avoided. It should be mentioned that more
dvanced mission controllers, such as those based on Petri nets, can
utomatically prevent such conﬂicts, Caccia, Coletta, Bruzzone, and
eruggio (2005). Additionally, it is worth mentioning that there exist
pen-source mission control frameworks such as NEPTUS by Univer-
ity of Porto, which encapsulate similar mission control structures for
eterogeneous autonomous vehicles (Dias et al., 2006).
. Experimental results
The experiments presented in this article are performed using Pla-
yPos during sea trials in 2013 and 2014 on locations in Croatia along
he Adriatic coast. The experiments present results obtained in real
nvironment conditions that have been changing from day to day.
.1. Heading control
The following set of experimental results demonstrate the behav-
or of the previously described dual-loop heading control algorithm
mplemented on the omnidirectional USV in the caseswhen sway and
urge motion are active and inactive.
urge and sway motions are inactive, demonstrating the pure yaw be-
avior of the platform. Fig. 5 (a) shows the heading response while
he applied surge and sway force were zero. The average overshoot of
he system is cca. 10%with the time to reach themaximum overshoot
alue of about 5 s. Depending on the commanded heading change, the
ime to reach the steady state will increase due to the saturation of
he commanded yaw moment N. The commanded (unsaturated) and
chieved (saturated) yaw moment are shown in Fig. 5(a). It is clear
hat the antiwindup algorithm is working properly since there are no
elays in the controller output when the commanded yaw moment
s within the saturation bounds.
ll three degrees of freedom are active and commanded thrusts and mo-
ent are limited to keep them within the feasibility region. The fol-
owing set of experiments focuses on the scenario when the platform
eeps a desired heading while surge and sway forces are applied.
When the platform starts moving in either surge or sway direc-
ion, the heading controller is required to generate additional yaw
oment in order to compensate for the disturbances caused by hy-
rodynamic effects on the platform hull due to the translatory mo-
ion. Fig. 5(b) demonstrates this effect whenmaximal surge and sway
orces were applied independently at t= 6 s and t= 23 s, respectively.
uring the experiment the heading controller managed to keep the
eading in the limits ± 5° at all times except when the abrupt change
rom surge to sway motion was required at cca t = 23 s. This is when
he coupling effects have the greatest inﬂuence.
The most common scenario when constant heading is required
hile the operator is applying arbitrary surge and sway force simulta-
eously is shown in Fig. 5(c). The results show that heading behavior
s within ± 5° regardless of the platform bearing even when coupling
ffects are the most emphasized.
.2. Dynamic positioning results
A large number of DP experiments were performed in order to
how the consistency in the obtained results. One example of the
xperiment scenario is shown in Fig. 6(a) where the platform was
ommanded to dynamically position on four different points. The
avigation ﬁlter applied in the experiments uses only GPS measure-
ent and an uncoupled dynamic model of the overactuated marine
Đ. Nađ et al. / Annual Reviews in Control 40 (2015) 172–181 177
Fig. 5. Heading response with surge and sway force (a) inactive, (b) applied consecu-
tively and (c) applied arbitrarily. The results are obtained during ﬁeld experiments at
sea in real life conditions.
a
b
Fig. 6. An example of the dynamic positioning experiments during sea trials in real
life conditions. (a) Position plot and (b) time responses of the USV is performing DP
around four points.
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(essel. It should be mentioned that the behavior of the platform
ransitioning between two points is pure “line-of-sight” behavior
hat is under the strong inﬂuence of external disturbances, Chen,
ouh, and Tsai (2013). Fig. 6(b) shows the North and East position
f the platform (relative to the starting point) together with the
bsolute value of control errors. These errors are zoomed in to the
nteresting area around 0 (in the vicinity of the DP points). During
his experiment, the DP errors were mostly under 1 m.
.3. Line following results
During the ﬁeld trial campaign, line following algorithms were
ested. The transect that had to be covered was a square described
n a normalized coordinate system with points T1 = (0m,0m), T2 =
0m,20m), T = (20m,20m) and T = (0m,20m). First two lines,3 4
178 Đ. Nađ et al. / Annual Reviews in Control 40 (2015) 172–181
a
b
Fig. 7. Results of the line following experiments using the fully actuated (14) and un-
deractuated (13) line following algorithm. (a) Position estimates and (b) raw GPS data
are shown in separate ﬁgures for clarity. Green circles denote victory radius (1.5 m) –
when the USV reaches this area, the mission controller switches to the following mis-
sion state. (For interpretation of the references to colour in this ﬁgure legend, the
reader is referred to the web version of this article.)
Table 2
Quality metrics for the line following experiment.
Transect Algorithm destim[m] dGPS[m]
T1 − T2 − T3 LF_FA 0.0946 0.3934
T3 − T4 − T1 LF_UA 1.0120 1.4237
Fig. 8. An example of online mission change handled by the mission controller: while
the USV mission controller is executing a lawnmower pattern deﬁned with points T1,
T2, T3 and T4, the mission is changed in real time requiring the execution of a smaller
lawnmower pattern around points Tx1 and Tx2.
(
(
I
i
(
t
t
t
s
m
a
p
i
t
4
w
1
t
ﬁ
T
i
l
l
a
a
w
t
w
m
agiven with T1–T2 and T2–T3 were covered using the fully actuated
line following (LF_FA) algorithms described with (14), while lines
given with T3–T4 and T4–T1 were covered with underactuated line
following algorithm (LF_UA) described with (13). The square tran-
sect was covered three times in order to test the repeatability of the
experiment. Fig. 7(a) shows the results of the position estimate dur-
ing the experiments, while Fig. 7(b) shows rawGPS position (two sep-
arate graphs are provided for the clarity of presentation). Green cir-
cles around each point denote victory radius of 1.5 m – once the USV
reaches this area around the point, the mission controller switches to
the following mission state.
For the three experiments we deﬁne the metrics of quality for
line following as the mean of absolute distance to the line using1) position estimates provided by the navigation ﬁlter (destim), and
2) raw GPS measurements (dGPS). These results are shown in Table 2.
t should be mentioned that a more detailed methodology for val-
dating path following performance can be found in Saggini et al.
2014).
It can be seen that the quality of line following is much better in
he case of fully actuated line following where average distance to
he commanded line is 10 times smaller when observing position es-
imates, and around 3.5 times smaller when observing raw GPS mea-
urements. This can be attributed to the fact that the platform has
uch better capability of dealing with external disturbances which
re compensated directly with thrust commanded in the direction
erpendicular to the line. In the case of underactuated line follow-
ng, disturbances are compensated by changing the approach angle
owards the desired line.
.4. Mission control results
In order to demonstrate the behavior of the mission controller,
e designed the mission where the vehicle is covering an area of
0 m by 30 m in a lawn mower pattern with only 2 transects in order
o clearly represent the results. This larger lawn mower is now de-
ned with lines between sequential points T1 = (0,0), T2 = (0,30),
3 = (10,30) and T4 = (10,0). When the vehicle reaches the vicin-
ty of points Tx1 = (0,20) and Tx2 = (10,10), mission is changed on-
ine, and the mission controller initiates a smaller, more detailed,
awn mower pattern that covers an area 8 m by 5 m with 5 transects
round the point of interest. The results of execution of this mission
re shown in Fig. 8, where the fully actuated line following behavior
as used for individual transects.
The described mission emulates the oil tracking scenario in which
he vehicle is covering a large area in a lawn mower pattern, and
hen it detects oil particles, e.g. at points Tx1 and Tx2, a smaller lawn
ower pattern is executed in order to provide ﬁne coverage of the
rea around the point of interest.
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Fig. 9. GPS signal quality (error and variation) during DP tests over 7 days of ﬁeld
trials. The quality is determined by error (average distance of the USV from the com-
manded DP coordinates) and variation (standard deviation of the USV distance to the
commanded DP coordinates).
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Fig. 10. DP quality assessment in terms of (a) ratio of errors (15) and ratio of variations
(16) between measured and estimated positions relative to GPS update frequency, and
(b) thruster activity relative to GPS update frequency.
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(. Inﬂuence of GPS update rate on NGC performance
The quality of GPS signal signiﬁcantly depends on weather con-
itions. As a consequence, during the days of running ﬁeld tests, the
verall quality of the GPS signal varied, both in precision as well as
ignal ﬂuctuation. In order to quantify the quality of the GPS signal,
e observed DP experiments during 7 days. Each day, a set of ex-
eriments was executed where the USV was required to perform DP.
verage GPS measurement distance with respect to the desired coor-
inates was analyzed. Two measures of quality are deﬁned:
1. GPS error - the average distance of the platform from the com-
manded DP coordinates, as given by pure GPS measurements
only; and
2. GPS variation - the standard deviation of the distance of the plat-
form from the commanded DP coordinates, as given by pure GPS
measurements only. This measure indicates the ﬂuctuation of the
GPS signal.
he GPS unit that was used during the experiments is Locosys
S20031. As it is shown in Fig. 9, the GPS error, as deﬁned before,
aried from around 0.5–2 m. The variation of the signal was gener-
lly larger during days with larger GPS error. These results show that,
f the quality of the NGC performance is to be observed, a statistical
nalysis of results taken over a larger period of time should be per-
ormed.
Due to the above mentioned errors and variations of the GPS sig-
al, we wanted to test the behavior of the USV control system with
Hz, 2 Hz and 10 Hz GPS measurement update rates. The imple-
ented navigation ﬁlter (based on the Kalman ﬁlter) estimates USV
osition in order to ensure 10 Hz control execution regardless of the
PS update rate. For this set of experiments, position estimates are
btained only based on GPS measurements and the mathematical
dynamic and kinematic) model of the USV, i.e. DVL was not used as
easurement.We gathered about 170min of data at the three update
requencies all together, during the seven days of experiments at dif-
erent environmental conditions. The quality of the NGC system was
ompared with respect to two criteria: (1) ratio of errors and varia-
ions of the ﬁltered position and unﬁltered GPS measurement withespect to the commanded DP point, and (2) average and maximal
hruster activity during dynamic positioning.
riterion 1: ratio of error and variation of position estimates and raw
PS measurement. For each DP experiment, measured distance dmeas
nd estimated distance destim (obtained from the navigation ﬁlter) to
he commanded point was observed. For each GPS update frequency
e observed measures given with (15) and (16).
atio of errors = average(|dmeas|)
average(|destim|) (15)
atio of variations = standard deviation (|dmeas|)
standard deviation (|destim|) (16)
he “ratio of errors” shows how many times has the error of the
osition estimate reduced in comparison to the measurement,
hile “ratio of variations” shows how many times has the variation
ﬂuctuation) of the estimate reduced in comparison to the measured
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Msignal. The results are shown in Fig. 10(a). The behavior of the
position estimate improves (lower error and variation) with lower
frequency of GPS measurement update since the measurements are
taken into account less often. According to the obtained results, the
estimated position error is about 3 times lower when applying 1 Hz
GPS updates, 2 times smaller with 2 Hz updates and 1.5 times smaller
with 10 Hz updates.
Criterion 2: average and maximal thruster activity during DP.. For
each DP experiment we observed the commanded signal to one
thruster and recorded the average absolute value of the derivative of
the commanded thrust (jerk) and an average maximal value of the
derivative of the commanded thrust in time frames of 1.5 s. These two
measures show the smoothness of the commanded signal, with the
requirement that the command signal should be as smooth as
possible during DP. Given that the maximal command applied to
one thruster is 255, the obtained results are shown in percentage in
Fig. 10(b).
The results show that the higher the GPS update frequency, the
lower both the average and maximal thruster activity are. While
the average activity always remains below 4% of the maximal com-
manded thrust, the maximal thruster activity in the case of 1 Hz
update rate is around 20%. These thruster jumps appear when the
GPS measurement arrives (every second) and the Kalman-based
navigation ﬁlter needs to correct the estimate.
5.1. Comment
The fact that the thruster activity is extreme in the case of 1 Hz
update, leads to the conclusion that higher update rates are required,
at the expense of higher variation of the position estimate. From the
thruster activity perspective, the best choice would be to exploit the
maximal GPS update rate. However, in that case, if the environmental
conditions are such that GPS measurement ﬂuctuates e.g. ±2m, the
position estimate will ﬂuctuate about 1.5 times less (±1.3m) which
in some applications may not be acceptable.
The conclusion is that the operator can modify the GPS update
rate according to the GPS quality and system performance require-
ments, in order to achieve the acceptable performance of the system.
The main assumption in this analysis is that the estimation ﬁlter pa-
rameters are set based on the best of knowledge of the system, as was
the case in the experiments presented in this article.
6. Conclusions
This article introduces the navigation, guidance and control
(NGC) structure of an innovative overactuated unmanned surface
vessel PlaDyPos that is capable of omnidirectional motion. This
USV has multiple applications such as diver tracking, long-term
marine environment monitoring, mine countermeasures, etc. The
NGC structure divided in low-level (speed) controllers, high-level
controllers (heading, dynamic positioning, line following), primitives
(e.g. follow a line while holding a commanded heading) and mis-
sion control is described and all the implemented algorithms are
presented.
Further on, the article presents real life experiments with success-
ful results demonstrating heading control, dynamic positioning, line
following using the fully actuated and underactuated approach, and
mission control. Heading control and DP experiments have shown
that by using a simple uncoupled mathematical model of the over-
actuated USV in the horizontal plane, good performance can be ob-
tained even when all three degrees of freedom (yaw, surge and sway)
are actuated simultaneously. The comparison of the two line follow-
ing algorithms has shown that fully actuated line following is supe-
rior in performance to the underactuated line following – the ob-
tained errors are up to an order of magnitude smaller in the casef fully actuated line following experiments. Online modiﬁcation of
ission control parameters is successfully demonstrated in an exam-
le where the USV is executing a mission of searching a large area
n a lawnmower pattern, during which the mission is interrupted
nd changed to searching a smaller area - once the smaller area is
earched, the mission controller returns from the interrupt, and re-
umes with the original mission.
This demonstration of the full NGC structure is a prerequisite for
he execution of the envisioned application scenarios. It should be
entioned that all presented experiments are obtained during sea
rials in 2013 and 2014 on locations in Croatia along the Adriatic coast.
his implies that the USV, regardless of small dimensions, is capable
f robust behavior in real environmental conditions.
Due to the fact that GPS performance varies, an analysis of the in-
uence of the GPS update frequency to the performance of the NGC
ystem was analyzed. Speciﬁcally, the quality of DP performance and
he quality of the commanded control signal was observed. The anal-
sis has shown that lower GPS update frequency results in good qual-
ty of the position estimate (relative to the GPS measurements) at the
xpense of high (even unacceptable) thruster activity, while higher
PS update frequency results in smooth thruster activity at the ex-
ense of lower quality of the position estimate. Based on the available
PS signal quality, the operator can decide on the required update
ate given the presented analysis.
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